Context: Ecstasy (street name for [±]-3,4-methylenedioxymethamphetamine [MDMA]) use has been associated with cognitive deficits, especially in verbal memory. However, owing to the cross-sectional and retrospective nature of currently available studies, questions remain regarding the causal direction and clinical relevance of these findings.
Results: At the initial examination, there were no statistically significant differences in any of the neuropsychological test scores between persistent Ecstasy-naive subjects and future Ecstasy users. However, at followup, change scores on immediate and delayed verbal recall and verbal recognition were significantly lower in the group of incident Ecstasy users compared with persistent Ecstasy-naive subjects. There were no significant differences on other test scores.
Conclusions: Our findings suggest that even a first low cumulative dose of Ecstasy is associated with decline in verbal memory. Although the performance of the group of incident Ecstasy users is still within the normal range and the immediate clinical relevance of the observed deficits is limited, long-term negative consequences cannot be excluded. Psychiatry. 2007; 64:728-736 E CSTASY (STREET NAME FOR [±]-3,4-METHYLENEDIOXYmethamphetamine [MDMA] ) is an illicit recreational drug that is popular and widely usedamongyoungpeople.As there is growing evidence that the drug is potentiallyneurotoxicinhumans,thisisofgreat public health concern. Animal studies have shown long-lasting damage to distal axons of serotonergic neurons after single and multiple doses of MDMA. [1] [2] [3] [4] [5] [6] [7] In several studies, 1, 2, 8 the hippocampus and parahippocampus displayed relatively high rates of serotonergic denervation after MDMA exposure and relatively low recovery after abstinence. Some brain imaging studies have shown that similar effects may occur in humans. [9] [10] [11] [12] [13] [14] Because serotonin is involved in mood and cognition, 15, 16 it is not surprising that many studies have revealed effects on these functions. Selective neuropsychological effects of Ecstasy use have been summarized in various reviews. [17] [18] [19] [20] Deficits in verbal memory are among the most consistent findings. 12, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] In addition, decreased performance in visual memoryandexecutivefunctioninginEcstasy users has been demonstrated in some studies 22, [30] [31] [32] [33] [34] but not in others. 11, 35, 36 Most research has been performed in frequent Ecstasy users, and no human data are currently available regarding the sustained effects of a single or low dosage of Ecstasy. It is therefore still not clear whether a low cumulative dose of Ecstasy could be neurotoxic in human beings. 37, 38 Author Affiliations are listed at the end of this article.
Arch Gen
Even though the scientific literature on the effects of Ecstasy use on cognition is increasing, some important issues regarding the causality and clinical relevance of the potential neurotoxicity of Ecstasy remain unclear, generally because of methodological limitations. Interpretation of findings is complicated because of inadequate sampling of participants, the lack of analysis of drug use, and the use of cross-sectional and retrospective study designs with a lack of baseline data and inadequate control of potential confounders. [39] [40] [41] Particularly, the use of other substances such as amphetamines, cocaine, cannabis, alcohol, and tobacco could be major confounders in almost all of the existing Ecstasy studies because most Ecstasy users are polydrug users. 29 Although most investigators did match their groups for age, education, and sex and adjusted for other drug use, none of these methods could exclude the possibility of preexisting differences in cognitive functioning. [42] [43] [44] [45] Therefore, it has been advocated by several investigators that prospective studies should be conducted with measurements before and after a period of Ecstasy use. 46 The best results would be provided by a long-term prospective study in which Ecstasy-naive individuals are randomly assigned to Ecstasy or placebo conditions with different dosages in a laboratory setting. However, given the existing data on brain abnormalities in Ecstasy-treated animals and in human Ecstasy users, such a study is ethically unacceptable if it is solely for the purpose of detecting negative cognitive effects.
In an attempt to avoid the earlier-mentioned limitations, we carried out a prospective study in which we observed the behavior of a group of Ecstasy-naive subjects who were considered to be at risk for Ecstasy use in the near future. We wanted to know whether decreased cognitive performance can be regarded as a consequence of Ecstasy use. Because we monitored incident Ecstasy users during a limited period of follow-up, the amount of Ecstasy use was relatively low. Neurocognitive deficits were often described after heavy Ecstasy use, but there is a need for more empirical data on novice users. 47 We hypothesized that incident Ecstasy users would show slightly decreased scores on verbal memory tests and possibly also on tests for working memory and visuospatial functions (after controlling for potential confounders) in comparison with persistent Ecstasy-naive controls.
METHODS
This study is part of the Netherlands XTC Toxicity study, a larger study investigating causality, course, and clinical relevance of Ecstasy neurotoxicity. A detailed description of the Netherlands XTC Toxicity study can be found in a special design article.
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PARTICIPANTS
The original sample consisted of 188 Ecstasy-naive volunteers (aged 18-35 years) who considered starting Ecstasy use in the near future. They were recruited between April 10, 2002, and April 28, 2004 , using a combination of targeted site sampling at locations such as dance events, youth fairs, universities, colleges, and parks; advertisement through a Web site about the project and an internet campaign; and snowball sampling. Main criteria for inclusion were intention to probably or certainly use Ecstasy for the first time in the near future and preferably having 1 or more friends who had already used Ecstasy.
Exclusion criteria included the following: Ecstasy use in the past (by the initial examination), a major medical, neurological, or neuropsychiatric disorder (in the last year), use of medications (in the last year) that may influence cognition, pregnancy, and use of intravenous drugs. Subjects had to abstain from using psychoactive substances for at least 2 weeks and from consuming alcohol for at least 1 week prior to examinations. Drug use during the days before the assessment was checked through urinalysis (enzyme-multiplied immunoassay for amphetamines, MDMA, opiates, benzoylecgonine, benzodiazepines, 11-nor-⌬9-tetrahydrocannabinol-carboxylic acid, and ethanol). Subjects were paid for their participation (€100 or €150 per session depending on the number of assessments).
STUDY DESIGN
At the initial examination, all of the 188 subjects underwent neuropsychological assessment. All of the subjects had to complete questionnaires about their drug use sent to them by mail every 3 months during a follow-up period of approximately 18 months.
Within 3 years after the initial examination, all of the incident Ecstasy users and an individually matched (sex, age, verbal IQ) control group of persistent Ecstasy-naive subjects were invited for a follow-up session during which the neuropsychological assessment was repeated. The examiner (T.S.) was blind to whether a subject had used Ecstasy. In the same project, subjects underwent brain imaging that will be analyzed and described by other investigators in separate articles.
The study was approved by the medical ethics committee of the Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands. To rule out any suggestion that we would stimulate the use of Ecstasy in Ecstasy-naive subjects, subjects were informed by an informational brochure about the potential negative consequences of Ecstasy use. Each subject signed an informed consent form stating that the subject had read and understood the information and that participation was voluntary.
DEPENDENT VARIABLES
Attention and Working Memory
The Paced Auditory Serial Addition Test 49 was administered to measure working memory and information processing accuracy. Subjects must add numbers presented by a recorded male voice to a preceding number. Numbers are presented at a speed of 2.4 and 1.6 seconds per number, respectively. The outcome parameter is the total number of correct calculations (maximum of 60 points each). In addition, a Dutch adaptation of the Digit Span scale, a subtest of the Wechsler Adult Intelligence Scale-Revised, 50 was used to measure attention and working memory. 51 The adapted Dutch version was used in this study, as it is more reliable than the standard version because subjects are offered 3 instead of 2 series of digits per length. The outcome parameter is the number of correctly reproduced series of digits in forward and backward order (maximum, 21 series each).
Verbal Memory
A Dutch version of the Rey Auditory Verbal Learning Test (RAVLT) was administered. 52, 53 Subjects must memorize a se-ries of 15 words in 5 learning trials. Immediate recall is tested after each trial. The outcome parameter is the sum of correctly reproduced words over 5 trials. Delayed recall and recognition are measured after 20 minutes. Outcome parameters are the total number of correctly reproduced and recognized words (maximum, 15 and 30 words, respectively).
Visual Memory
To obtain comparable test parameters as in verbal memory assessment, a computerized adaptation of the Memory for Designs test was used. 54 The original test with 14 geometrical figures was split into 2 separate tests to obtain parallel versions. After presentation of 7 figures during 5 seconds each, subjects must draw the figures from memory. The outcome parameters are the number of correctly reproduced elements in 5 learning trials (maximum, 105 elements) and the number of trials needed to memorize all of the figures (maximum, 5 trials). Delayed reproduction is measured after 15 minutes; the outcome parameter is the number of correctly reproduced elements (maximum, 21 elements).
Visuospatial Functioning
In the Mental Rotation Task, 55 participants are presented with 20 pairs of block designs drawn from different points of view. The subjects must judge whether pairs of designs are identical or different. The outcome parameter is the total number of correct answers in 6 minutes (maximum, 40 hits). In addition, a computerized and adapted version of the Judgment of Line Orientation 56 was used to test visuospatial working memory. The Judgment of Line Orientation requires subjects to identify which 2 of 11 lines presented in a semicircular array have the same orientation in a 2-dimensional space as 2 target lines. The target lines in our assessments were only shown for 1 second, directly followed by the 11 lines. The outcome parameter is the number of correctly judged pairs of lines (maximum, 30 pairs).
INDEPENDENT VARIABLES
Future Ecstasy use (Ecstasy use between the initial examination and follow-up) was categorized in a binary variable (yes=1, no=0). The cumulative dosage of Ecstasy was measured as the number of tablets and duration of Ecstasy use in the weeks between the first and last Ecstasy use. This was assessed at a follow-up session using validated substance-use questionnaires.
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POTENTIAL CONFOUNDERS
Substance use was measured using validated questionnaires at the initial examination and at follow-up sessions. 57 Use of alcohol (number of standard drinks per week in the last year), tobacco (number of cigarettes per week in the last year), cannabis (number of joints used in the last year), and amphetamines and cocaine (number of times used in the last year) was measured. At the initial examination, verbal intelligence was estimated to describe the sample and to use as a covariate in the statistical analyses. For this purpose, the Dutch version of the National Adult Reading Test, 58 the Dutch Adult Reading Test, was administered because it is relatively insensitive to cognitive impairment caused by neurological disorders. 59 
STATISTICAL ANALYSES
Unpaired t tests were used to analyze whether the groups of incident Ecstasy users and persistent Ecstasy-naive controls were statistically different in terms of age and verbal IQ. Level of education and substance use (cannabis, alcohol, tobacco, cocaine, and amphetamines) at the initial examination and at follow-up were analyzed with nonparametric Mann-Whitney tests because they were not normally distributed. Group differences in sex were investigated using the ² test. Paired t tests, or Wilcoxon signed rank tests if not normally distributed, were used to assess in both groups whether the earlier-mentioned variables changed between the initial examination and follow-up.
Because substance use variables were not normally distributed, all of the following analyses used log-transformed measures of substance use.
Differences in cognitive test results between the 2 groups at the initial examination were analyzed using multivariate analysis of covariance, with future Ecstasy use and sex as fixed factors and other potential confounders (age, Dutch Adult Reading Test IQ, and use of substances other than Ecstasy) as covariates.
To test whether Ecstasy had an effect on test results at follow-up, change scores between performance at the initial examination and follow-up examination were calculated for each subject and used in an analysis of covariance, with the same fixed factors and covariates as described earlier. In addition, the baseline performance score was added to the model as a covariate. Because RAVLT recognition was not normally distributed and showed very little variation, scores were transformed into a dichotomous variable in which a decline was labeled 1 and no decline was labeled 0. Logistic regression analysis was performed with decline as the dependent variable and use of Ecstasy and other substances, sex, and IQ as covariates.
To test whether the amount of Ecstasy use was related to changes in cognition, Pearson correlation analyses were performed in the group of incident Ecstasy users with the total number of Ecstasy tablets and cognition change scores as variables. If an association was found, partial correlations were carried out with change scores of cognitive tests as the dependent variable and controlled for age, IQ, sex, and use of substances other than Ecstasy. Because the RAVLT recognition change score was transformed into a dichotomous variable (decline), logistic regression analysis was performed with decline as the dependent variable and the total amount of Ecstasy and other substances, sex, IQ, and age as covariates.
All of the analyses were performed using SPSS statistical software version 12.0.1 (SPSS, Inc, Chicago, Ill). Only PϽ.05 was considered statistically significant.
RESULTS
CHARACTERISTICS OF THE SAMPLE AND SUBSTANCE USE
Of the 188 Ecstasy-naive subjects (77 men, 111 women; mean ± SD age, 21.8 ± 3.0 years) at the initial examination, 158 completed the last follow-up questionnaires about drug use sent to them by mail. The other 30 volunteers were regarded as dropouts either because they refused to participate in follow-up or because we could not reach them anymore. Of the 158 subjects, 64 declared that they had started to use Ecstasy since inclusion in the study, whereas the other 94 subjects declared to be continuously Ecstasy naive. 13) . At the initial examination, the 2 groups were not significantly different in terms of smoking or use of alcohol, d-amphetamines, and cocaine. However, cannabis use was significantly higher in the group of future Ecstasy users than in the group of Ecstasy-naive controls (mean±SD, 48.8 ± 100.4 joints vs 17.2 ± 25.1 joints, respectively, in the year before the initial examination; U = 1363; P = .04). Time between the initial and follow-up measurements was a mean ± SD of 11.1 ± 6.2 months in the Ecstasy group and 19.1±7.5 months in the control group (t 116 = 6.30; PϽ.001).
At follow-up, incident Ecstasy users reported to have used a mean of 3.2 Ecstasy tablets (range, 0.5-30 tablets; median, 1.5 tablets) in a mean period of 1.6 months during the average follow-up period of 11.1 months. Last Ecstasy use took place a mean ± SD of 11.8 ± 12.0 weeks before the follow-up assessment. At follow-up, incident Ecstasy users reported to have used more cannabis and cocaine in the last year than persistent Ecstasy-naive subjects (cannabis: mean ± SD, 53.6 ± 120.8 joints vs 20.5 ± 50.3 joints, respectively, U = 1089, PϽ.001; cocaine: 1.4 ± 2.8 times vs 0.3 ± 1.3 times, respectively, U=1436, P=.006). In comparison with the initial examination, persistent Ecstasy-naive subjects used less alcohol at follow-up (mean±SD, 9.8±9.0 standard drinks/wk vs 8.2±7.9 standard drinks/wk, respectively; z=−2.89; P =.004). A covariance effect of cocaine and d-amphetamine use on RAVLT delayed recall scores was observed, but this was not observed with the use of alcohol, tobacco, or cannabis. After excluding users of cocaine and amphetamines, the analysis was repeated with 43 incident Ecstasy users and 57 Ecstasy-naive controls; the effect of Ecstasy use on RAVLT delayed recall scores remained statistically significant (F 1,92 =6.62; P=.01; partial 2 =0.07).
NEUROPSYCHOLOGICAL TESTING
RELATIONSHIP BETWEEN NEUROPSYCHOLOGICAL TEST PERFORMANCE AND AMOUNT OF ECSTASY USE
Because we had specific hypotheses with respect to the direction of the effects, all of the tests were 1-tailed. The total cumulative dose of Ecstasy was significantly associated with RAVLT delayed recall and recognition change scores (Pearson r = −0. To further explore the association between the amount of Ecstasy used and RAVLT recognition scores, logistic regression analysis was performed. It showed a significant independent contribution of the log-transformed number of Ecstasy tablets on decline in RAVLT recognition (odds ratio=15.18; 95% confidence interval, 1.10-210.14; Wald ² 1 = 4.12; P = .04). With the non-logtransformed raw number of Ecstasy tablets, a smaller and only marginally significant dose-response relationship was observed (odds ratio=1.30; 95% confidence interval, 0.96-1.75; Wald ² 1 =2.88; P =.09).
COMMENT
This prospective study examined the relationship between Ecstasy use and subsequent cognitive performance. At the initial examination, future Ecstasy users and a matched group of persistent Ecstasy-naive subjects were similar in terms of sociodemographics, neurocognitive performance, and substance use, with the exception that future Ecstasy users used significantly more cannabis prior to the initial assessment. The difference in cannabis use between future Ecstasy users and Ecstasynaive subjects as well as the total amount of cannabis that was used by the subjects did not significantly change in the follow-up period. At follow-up, Ecstasy-naive subjects demonstrated a normal retest effect on a verbal memory task, 53 whereas in the group of incident Ecstasy users, such an effect failed to appear (even after controlling for the use of cannabis, cocaine, amphetamines, tobacco, and alcohol). No differences between the 2 groups were observed on other neurocognitive tests. No differential effect was found for sex, in contrast to some other studies 13, [61] [62] [63] that have reported stronger Ecstasyinduced effects in females than in males. Overall test performance of all of the participants remained within the normal range of a sex-and age-comparable general population. 53 There are several conceivable explanations besides an effect of Ecstasy for the observed differences in verbal *For the models with significant Ecstasy effects, homogeneity of regression was obtained for all of the covariates. 60 †P values are from univariate analysis of variance with correction for sex, age, IQ, and use of substances other than Ecstasy. ‡Percentage of subjects who showed decline. §In the logistic regression, the odds ratio was 5.9 and P = .02.
(REPRINTED) ARCH GEN PSYCHIATRY/ VOL 64, JUNE 2007 WWW.ARCHGENPSYCHIATRY.COMmemory performance between the 2 groups. First, some investigators [64] [65] [66] [67] have suggested a possible combined effect of cannabis and Ecstasy on cognitive functioning. Ecstasy users in our study used more cannabis than persistent Ecstasy-naive subjects; therefore, a possible confound of cannabis use cannot totally be excluded. However, no significant effects of cannabis or Ecstasyϫcannabis interaction effects on cognitive functioning were observed in our study. There was a confounding effect of cocaine and d-amphetamine use, but this effect did not fully account for the cognitive differences between the 2 groups. Also, effects remained significant after excluding all of the users of cocaine and d-amphetamines. Second, some other confounding factors may be responsible for the observed relationships between Ecstasy use and verbal memory parameters. In a previous article 68 on self-reported levels of depression, impulsivity, and sensation seeking in the same study population, novice Ecstasy use was associated with increased sensation seeking. Hypothetically, it is possible that higher sensation seeking leads to impatience, tediousness, and less effort in highly demanding tests, which could result in lower test performance. Still, this does not explain why only verbal memory test scores are affected, whereas scores on other highly demanding tests, for example, attention and working memory tests, are not affected. It has also been suggested that Ecstasy might cause depression, 69 which in turn could result in lower performance on, for example, verbal memory tests. Although we found no indications in the larger Netherlands XTC Toxicity study sample that incident Ecstasy users become more depressed after their first Ecstasy use, 68 we cannot fully exclude an effect of depression on test scores because the current subsample was slightly different from the total sample. Third, it is conceivable that the information we gave prior to the study about the potential risks of Ecstasy use created a self-fulfilling prophecy. Again, however, we found no indications for this possibility in the total sample. 68 The current findings are well in line with numerous previous studies 12, 18, [21] [22] [23] [24] [25] [26] [27] that reported a specific negative effect of Ecstasy use on verbal memory. In our study, the association between Ecstasy dose and verbal memory performance was rather weak. This is not surprising given the relatively low doses that were used and the short duration of Ecstasy use resulting in very limited variation in Ecstasy use parameters. Most studies 28, 70, 71 have focused on effects of heavy Ecstasy use in which the doseresponse relationship was more obvious. Only a few other studies 25, 72, 73 have also demonstrated decreased memory in novice Ecstasy users. However, in these studies, assessment took place within 7 days after the last drug exposure, whereas in our study, the assessment took place on average 11.8 weeks after the last Ecstasy use. Moreover, Bhattachary and Powell 25 found that increasing the duration of abstinence up to 15 days was associated with higher recall scores, implying that the deficits in these studies were short-term pharmacological effects. Other studies 22, 45, 70, 74 did not detect significant deficits in subjects who used a low to moderate dose of Ecstasy. One possible reason might be that sample sizes in those studies were too small to detect effects. It is also conceivable that these cross-sectional and retrospective studies had selection bias and residual confounding. These limitations are less likely to occur in a prospective study with carefully matched subjects and extensive adjustment for potential confounders. However, residual confounding can never be fully excluded.
The fact that we did not find any effect of Ecstasy use on neurocognitive functions other than verbal memory could be owing to low cumulative doses of Ecstasy that were used. Moreover, subjects in our study used few other drugs in comparison with subjects in other studies. It might be possible that other neurocognitive deficits described in some studies 22, 30, 33 were caused by exposure to or an interaction with drugs other than Ecstasy. It is also conceivable that we missed effects on other neurocognitive functions because the tests we used were not sensitive enough. It could therefore be valuable to add additional tests that might capture deficits better.
Because in our study only verbal memory was significantly affected after low-dose Ecstasy use, it can be hypothesized that medial temporal areas, in particular the hippocampal area, are specifically vulnerable to Ecstasy use. This theory has also been advocated by others 70, 75 who only observed decreased functioning on temporal lobe tests. Imaging studies in animals have shown changes in the hippocampal and (pre) frontal lobes after exposure to Ecstasy. 1, 2, 4, 8, 76 A functional magnetic resonance imaging study revealed that adolescent Ecstasy users fell short in deactivating the left hippocampus during verbal working memory load. 73 The main underlying factor seems to be a depletion of serotonin in Ecstasy users, [10] [11] [12] 77 ,78 a depletion that might be reversible. 63 Serotonin is involved in several cognitive functions 16, 79 but might be especially relevant to learning and memory. 80, 81 Serotonergic depletion seems to result in impaired consolidation, leaving attention unaffected. 82 Although this prospective study adds to the knowledge base in this field, we are well aware of its methodological limitations. First, although prospective, the study design was not experimental and therefore still offers no indisputable evidence of causality. An undefined confounding factor not (adequately) measured might still underlie the observed relationships and be responsible for the findings. In this respect, a limitation could be that information about the medical and neuropsychiatric history was based on self-report of the subjects (ie, nonstandardized interviews and questionnaires); therefore, unnoticed medical history could have biased the results. It should be noted, however, that this was a nontreatment-seeking population of young healthy people with a very small a priori probability of serious medical and/or neuropsychiatric disorders. Also, owing to the nonexperimental design of the study, potential confounding of lifestyle differences cannot be totally excluded. The pattern of use and the environment in which the drug was used were not investigated. Some studies 83 claim interaction effects between the neurocognitive damage and ambient heat, dehydration, alcohol use, and other drug use. However, it would be impossible to control for all of these factors, particularly because Ecstasy users do not tend to use only Ecstasy. In addition, we did not suc- (REPRINTED) ARCH GEN PSYCHIATRY/ VOL 64, JUNE 2007 WWW.ARCHGENPSYCHIATRY.COMceed in following a strict time frame because subjects started to use Ecstasy at different periods after entering the study and because Ecstasy-naive subjects could only be matched after the novice Ecstasy users were known. As a consequence, follow-up duration in the Ecstasy-naive group was longer than in the novice Ecstasy users. However, given the fact that retest effects become smaller with time, these differences in follow-up duration between the 2 groups cannot explain the lower performance in the group using Ecstasy. Next, there was no control of the purity and amount of MDMA within the Ecstasy tablets used by the subjects. However, results from pill testing in the Netherlands confirm that in 2003 and 2004, 95% of the tablets sold as Ecstasy did contain MDMA as the major component. [84] [85] [86] Moreover, the sample was not representative for the general population of young adults, which might limit the generalizability of the results. Subjects with higher education or intelligence were more likely to participate in our study than subjects with lower levels of education or intelligence. They participated in a fairly demanding research project including brain imaging and blood sampling. This probably induced selection of subjects with high motivation, which may have influenced the results.
Results cannot be generalized to a group of young adults with lower levels of education or intelligence. According to the brain reserve hypothesis, [87] [88] [89] [90] it is more difficult to determine decreases in cognitive functioning in higher-educated persons than in lowereducated persons. This implies that our finding may have underestimated the effect of Ecstasy. A final limitation is that this study does not answer the question of whether the observed short-term effects will remain after quitting the use of Ecstasy. Monitoring this cohort is worthwhile.
In conclusion, our data indicate that low doses of Ecstasy are associated with decreased verbal memory function, which is suggestive for Ecstasy-induced neurotoxicity. Further research on the long-term effects of Ecstasy as well as on the possibility of additive effects of Ecstasy use on aging of the brain is needed.
